We have found that in addition to the 11-cis and 9-cis isomers of retinal which are known to couple with the visual pigment apoprotein opsin to form pigments, a third isomer 9,13-dicis retinal also will form a pigment. That this isomer is indeed bound to opsin has been shown unequivocally by removing the chromophore without isomerization and subsequent identification by high-speed liquid chromatography. Using similar techniques, we have shown that the product of bleaching by light of all three pigments in Triton X-100 is the alltrans isomer. This specificity in the product of bleaching, as with many other properties of visual pigments, is not shared by the free chromophore. Of particular interest is that when 9,13-dicis retinal is combined with opsin to form a pigment, a single photon can isomerize it about two double bonds, to the all-trans isomer.
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In their pioneering studies, Hubbard and Wald (1) established that 9-ci8 and 11-ci8 retinals form photosensitive pigments (isorhodopsin and rhodopsin) when incubated with cattle opsin, whereas the all-trans and 13-ci8 retinals do not form pigments. Furthermore, it was found that a fifth isomer, 9,13-dicis retinal (originally named isoretinene b), on incubation with cattle opsin, formed a pigment which had a similar absorption spectrum to that of isorhodopsin. Since the rate of formation of this pigment was much slower than that for isorhodopsin and since the rate increased when the chromophore was first briefly exposed to light, it was concluded that the dicia retinal was isomerizing preferentially to 9-cia retinal and that this isomer was being trapped by the opsin (1) .
In recent studies on 14-methylretinal (2), we have formed pigments with the 9-cia. 11-cia, and also 9,13-dici8 isomers.
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These isomers were purified by high-speed liquid chromatography and hence all samples used for pigment formation were devoid of other double bond isomers. Since the stability of 9,13-dicis-14-methylretinal was comparable to other double bond isomers, and since it bound with bovine opsin to the same extent as the 9-cia isomer, it was unlikely that the pigment formed was due to contamination of 9-ci8 chromophore.
Accordingly, pigment formation of the 9j,3dicis isomer of retinal itself was reinvestigated.
MATERIALS AND METHODS
All work was carried out under dim red light and the chromophores were stored under argon at dry ice temperatures. A JASCO concave radiating monochromator, model CRM-FA, equipped with a 3KW xenon source was employed for irradiations. The absorption spectra were recorded on a Cary model 14 spectrophotometer. Circular dichroism measurements were made on a JASCO model (J-40) spectropolarimeter. Retinals. 9-cia, 13 -cia, and all-trans retinals were purchased from Sigma Chemicals. 11-cia retinal and 9,13-dicia vitamin A acid were a gift of the Hoffman-La Roche Co. The dicis methyl ester, formed by reaction with diazomethane, was reduced with di-isobutylaluminum hydride in ether at 0°and immediately oxidized with MnO2 to give 9,13-dicia retinal in 82% yield (90% pure) from the acid. The sample was purified by liquid chromatography.
Isomer Purification and Identification. A Waters 100 or 202 high-speed liquid chromatograph equipped with Corasil II or Microporasil columns and a UV detector were used with ether-hexane solvent mixtures. By choice of flow rate and solvent polarity, the five isomers of retinal could be separated without recycling: 13-cia, 9,13-dicis, 11-cia, 9-ci8, and all-trans in order of elution (see Fig. 1 High-speed liquid chromatography allowed the unequivocal identification and separation of all these isomers. Previously employed procedures, e.g., absorption spectra (4) and thinlayer chromatography (5), do not allow positive identification of all isomers, especially where complex mixtures are involved.
Viaual Pigment&. Unregenerated rhodopsin and the regenerated 11-ci8, 9-ci8, and 9,13-dicia pigments were studied. Rods were prepared by the sucrose flotation method (6) Extraction of Chromophore. A method was developed to release the chromophore from the pigment without using light or heat. The unbleached purified pigment in 2% Ammonyx LO was dialyzed in the cold against buffer for several days to remove most of the detergent. The pigment was denatured by stirring in methylene dichloride in the cold, and the free chromophore was extracted by washing several times with the same solvent. The dried organic layer was concentrated and analyzed by high-speed liquid chromatography. In the case of native rhodopsin, the rods (in the form of freeze-dried pellets) were stirred directly with methylene dichloride and treated in a similar manner. Bleaching Experiment;. Native rhodopsin was dissolved in 2% Triton X-100 or the detergent to be studied. The purified artificial pigments in 2% Ammonyx LO were dialyzed against the detergent to be studied, e.g., Triton X-100, for several days in the cold. The pigment solution was irradiated for 5 min with light at 540 nm wavelength and extracted with petroleum ether. The organic layer was dried over sodium sulfate, concentrated, and analyzed by high-speed liquid chromatography. Control experiments with a mixture of all-trans retinal and opsin showed that the free chromophore could not be photoisomerized with 540 nm light.
Rates of Pigment Formation. Ten OD units (1 OD unit is the amount of opsin contained in 1 ml of rhodopsin with an OD of 1 at 500 nm) of opsin were combined with 20 OD units of chromophore at 240 in 20 ml buffer, the solution was shaken, and 1 ml aliquots were removed at intervals and treated with an excess of cold hydroxylamine. The photosensitive pigments were extracted with Triton X-100 and their difference spectra determined.
Photosensitivity and Extinction Coefficient. The photosensitivities of the regenerated pigments relative to native rhodopsin were determined by measuring their rates of bleaching by monochromatic light (X = 540 or 560 nm) in solutions that had a low optical density at the irradiation wavelength. The bleaching process was followed by reading the absorption maxima at suitable intervals and subtracting the absorption of the totally bleached material. We assume that the quantum efficiency of bleaching is the same at the Xm. and the Xbleach, as has been shown in the case of rhodopsin (9) .
The quantum efficiencies for bleaching were calculated by using the extinction coefficients of the pigments and the known quantum efficiency of bleaching rhodopsin.
The extinction coefficients were determined by the method of:Wald and Brown (10) . The pigments in Ammonyx LO were irradiated with nonisomerizing orange light in the presence of hydroxylamine and the absorption at 365 nm, the maximum of retinal oxime, was measured. The molar quantity and hence the extinction coefficient of the pigment were determined from the known extinction coefficient of the oxime base. There is some uncertainty in this method due to the presence of isomers other than all-trans when rhodopsin in Ammonyx-LO is bleached, but the error in assuming that only all-trans is present is relatively small.
RESULTS AND DISCUSSION
In accord with our expectations, 9,13-dici8 retinal did indeed form an artificial pigment, isorhodopsin II, with bovine opsin. The pigment formed with about the same yield as the 9-ci8 pigment. Caution was exercised to make sure that the chromophore was pure and contained none of the 9-ci isomer.
The rate of formation of isorhodopsin II was slower (Tl, = 30 min) than that of the 9-cia pigment, isorhodopsin I (T11, = 7.5 min, Fig. 2 ). That this difference in rate was not due to in situ isomerization of the 9,13-dici8 to the 9-cia isomer was proven in the following manner.
Extraction of bound chromophore
The ultimate proof as to what isomer is bound to the protein derives from the extraction of the chromophore from the protein without isomerization and the unequivocal identification of that chromophore. In the method described above the pro- tein is denatured and the chromophore extracted with methylene dichloride.
This method was first applied to native and regenerated rhodopsin; as shown in Fig. 1 , the sole product of extraction is the 11-cis isomer. Similarly, extraction of isorhodopsin I gave only 9-cia retinal, whereas, isorhodopsin II yielded only 9,13-dici8 retinal with no trace of other isomers. Separation of the 9,13 and 9 isomers is very clear by high-speed liquid chromatography and there is no ambiguity in isomer identity. This provides conclusive evidence for pigment formation from the 9,13-isomer.
Previous studies have attempted to identify the chromophore liberated from rhodopsin by light. Rotmans, Bonting, and Daemen (5) extracted the retinal from the protein before and after illumination. However, considerable isomerization occurred during the course of extraction. Moreover, identification by thin-layer chromatography was inconclusive for certain isomers. On the other hand, Horowitz and Heller (11) described a method for characterizing retinal isomers by means of linear dichroism but complexity arose when dealing with isomeric mixtures. 11-cis retinal was extracted from the protein in the dark and identified by linear dichroism; after irradiation of the protein (in 1% emulphogene BC), they found the products to be 9% 13-cia, 91% all-trans and some oxidized material. However, we have found that the detergent affects the product distribution as described below.
Photobleaching Bleaching was accomplished using monochromatic radiation (540 nm) at a wavelength which did not photoisomerize the free chrotnophores (Xm,, about 370 nmr). Unexpected problems were encountered upon irradiation since it was found that the isomeric composition of the products differed with the detergent. As the pigments had been purified in Ammonyx LO, the initial studies were carried out in this detergent, but the results were confusing; e.g., irradiation of regenerated rhodopsin in Ammonyx LO gave a 7:2:1 mixture of trans, 13- (by high-speed liquid chromatography) was Triton X-100, a somewhat milder detergent than the other two.
One possible explanation for these results is that some detergents sufficiently change the environment of the binding site to alter the influence of the opsin in determining the isomeric composition of the products (see below). Another explanation is that after the chromophore has been detached by bleaching, it undergoes further dark isomerization.
As shown in Fig. 2 , both native and regenerated rhodopsin in Triton X-100 yielded only all-trans retinal when bleached. Isorhodopsin I and II also gave the all-trans isomer as the sole product. Irradiation of 11-cia, 9-cia, and 9,13-dicia retinal in solution by flash photolysis does not yield exclusively all-trans retinal. In particular, the free 9,13-dici8 chromophore is photoisomerized exclusively to monocis retinals and no all-trans retinal is observed (W. Waddell, R. Crouch, K. Nakanishi, and N. Turro, in preparation). Thus, it appears that the photochemistry of free retinal is significantly different than the bound chromophore. The ability of opsin to direct the pathways of photoisomerization of different retinal isomers to the same final product is similar to the ability of the cephalopod pigment, retinochrome, which directs the pathways of isomerization of various isomers (all-trans, 13-cia, 9-cia) to the 11-cia isomer exclusively (14) .
Pigment properties
The absorption spectra of purified isorhodopsin I and II pigments (Fig. 3 ) are very similar with Xm.,. at 483 and 481 nm, respectively, and are somewhat blue-shifted relative to rhodopsin (Xm. = 498 nrm). The circular dichroism spectra for the pigments are shown in Fig. 4 . All three have similar abands, but the 9-cis and 9,13-dicis pigments have much smaller j3-bands than rhodopsin.
The photosensitivities (Fig. 5) found to be nearly equal to each other and are considerably lower than the quantum efficiency for bleaching rhodopsin (W. Waddell, R. Crouch, K. Nakanishi, and N. Turro, in preparation). These data are further evidence that upon binding to opsin, the photochemistry of retinal is greatly modified, perhaps by twisting the isomers about single bonds to conformations they do not occupy as free molecules (14) . CONCLUSION We have shown that a dicis isomer of retinal (9, 13) can combine with opsin to form a pigment. This suggests the possibility that other dici isomers will also form pigments. 11,13-dicis retinal is currently being investigated. It is quite possible that others working with artificial pigments or forming isopigments by irradiating rhodopsin at low temperatures have created pigments with a 9,13-dici8 isomer.
The spectral properties of isorhodopsin I and II are very simi- (9,13-dis) . The sample was bleached with 540 nm light, and the optical density of the sample at 500 nm minus the final bleached optical density is plotted versus the cumulative bleaching time. The slope of the line is proportional to the photoseDsitivity. Xbl = 540 nm; detergent was Ammonyx LO.
when the isomeric composition of the chromophores is to be determined. This problem will be especially important in elucidating the properties of artificial pigments in which the bleaching products are not known.
A particularly interesting result was that the product of bleaching of the pigment with the dicis chromophore (9,13-dicis) was the same as the products of bleaching of the pigments with the monocis chromophores (11-ci8 and 9-ci). It has often been asserted that one photon cannot photoisomerize two double -bonds (15) but, in fact, there is no theoretical reason why this cannot occur. Although as yet there is no evidence that one step double bond photoisomerization occurs for free duics retinal isomers in solution, our studies show clearly that when 9,13-dici8 retinal is combined with opsin to form a pigment, a single photon can isomerize it to all-trans.
Finally, note should be taken of the extraordinary similarities in the absorption spectra, circular dichroism spectra, extinction coefficients, photosensitivities, and quantum efficiencies for bleaching of rhodopsins I and II. This suggests that the differences in the conformations of their chromophores must either be irrelevant in determining these properties of the pigments or that the protein has forced the two chromophores into quite similar conformations.
